1. Certain sugars were transported across the buccal mucosa by a carrier-mediated mechanism.
Introduction
All foods come into contact with the buccal niucosa before being digested and absorbed in the gastrointestinal tract. The absorption of sugars by the ileum and jejunum in the human is well documented and it is established that glucose, 3-O-methyl-~-glucose, galactose and certain other sugars are actively transported across the small intestine (review by McMichael, 1971) . Less work has been reported on sugar transport across the colon and rectum, but it appears that sugars can only permeate their membranes by passive diffusion (Long, Geiger & Kinney, 1967; Heaton, 1972) . The evaluation of the oral mucous membrane as an absorbing surface for organic nutrients has long been neglected. Almost all existing studies of absorption on the buccal membrane have been to test drug absorption (Beckett & Hossie, 1971) , and have shown that, at least for drug absorption, the buccal membrane can be envisaged as a lipoid boundary between two aqueous phases. Thus for buccal absorption a drug must be soluble to some extent in the lipid membrane as well as the aqueous saliva and blood, so that substances that are practically insoluble in lipid should be poorly absorbed. However, the present study presents evidence that certain lipid-insoluble sugars can be well absorbed across the buccal mucosa.
Methods
The method was modified from that of Beckett & Triggs (1967) , the various sugars being dissolved in a modified Krebs-Ringer buffer: NaCI, 118.5 mmol/l; 7H&, 1.2 mmol/l; sodium citrate, 1.8 mmol/l; NaHPO4,12H2O, 6.2 mmol/l, pH 6.0 (within 0.05 pH unit). Calcium ions were omitted, since otherwise phosphate was precipitated. Samples (25 ml) of these solutions were preincubated at 37°C for 5 min and circulated inside the mouth by the tongue and cheeks about once a second for 5 min, after which the solution was expelled into a beaker and the mouth rinsed for 5 s with 10 ml of preincubated buffer without added sugar. This was expelled into the same beaker and the total volume measured. The pH was checked and the solutions were made up to 100 ml with buffer. A portion of this was then centrifuged at 3000 g for 10 min, to KCI, 4.7 mmol/l; KHJ'O4, 1.2 mmol/l; MgS04, B remove insoluble material. At the beginning of each test a 'buccal blank', consisting of 25 ml of buffer at pH 6 at 37°C but without sugar, was circulated in the mouth for 5 min.
Incubation studies were performed with D-glucose ( 5 mmol/l) to investigate the loss of sugar by bacterial metabolism. Portions (25 ml) of buffer without sugar were incubated as before, circulated in the mouth for 10 s and expelled into a beaker containing solid D-glucose. The solutions were made up to 100 ml with buffer at 37°C and incubated at this temperature. Samples were taken at I , 5, 10 and 15 min and centrifuged at 3000 g for 10 min. The sugars were assayed colorimetrically on a SP.1800 spectrophotometer, D-glucose by a glucose oxidase method (Dahlqvist, 1964) , D-galactose, 3-O-methyl-~-glucose, L-glucose and maltose by an adaptation of the Somogyi method (Nelson, 1944 One-dimensional thin-layer chromatography was performed on silica gel 60 FZs4 and developed for 90 niin with a solvent consisting of butan-1-ol/ propan-2-01/0.5 boric acid (30:50:20, by vol.).
The chromatograms were dried at 80°C for 3 min and then developed with 0.2 g of 1,3-naphthalenediol in 95 ml of ethanol and 5 ml of conc. sulphuric acid.
Three men and two women, aged between 24 and 50 years and apparently healthy, were used in these studies. All were Caucasian white subjects not possessing dentures. The same man was used for all single-subject studies.
All sugars were obtained from Sigma Chemical Co. (London), except D-galactose, D-glucose and Larabinose (Hopkin and Williams Ltd, Essex, U.K.), glucose-free maltose (Cambrian Chemicals Ltd, Croydon, U.K.) and inulin (British Drug Houses Ltd, Poole, Dorset, U.K.).
Results
The uptake of certain hexoses by the buccal mucosa was investigated in the concentration range 5-40 mmol/l at pH 6. The loss of D-glucose from the buccal cavity (Fig. la) between 5 and 20 mmol/l was not linear but indicated saturation kinetics. Conversely, loss of L-glucose was far lower and showed a linear relationship to initial concentration. Owing to the higher sugar concentrations, mannitol was added to maintain iso-osmolarity. Thus, together, galactose and mannitol achieved a constant molarity of 40 mmol/l. The absorption of Dgalactose from the buccal cavity was significantly lower than that of D-glucose but still showed saturation kinetics. Reciprocal plots of the results shown in Fig. 1 were used to determine the maximal absorptive rates (apparent Vm.=.) and the sugar concentration at which the absorptive rate was one-half maximal Table 1) . SEM values being calculated by the method of Neame & Richards (1 972). It was possible that the loss of sugar measured was due to transport into bacterial cells in the mouth and bacterial metabolism, although the amount of sugar lost in 5 min is high for loss due to bacteria (Molan & Hartles, 1972) . In order to test this possibility incubation studies were performed with D-glucose (5 mmol/l). The loss from the initial sugar solutions was never greater than 3 pmol in six experiments performed, even after 10 min incubation.
The stereospecific effect shown by D-and Lglucose was also investigated with the pentose isomers D-and L-arabinose between 5 and 20 mmolll.
The rate of absorption of L-arabinose was shown to be much higher than that of D-arabinose (Table 2) . The loss of the other pentoses D-xylose and D-ribose (Table 2 ) from the buccal cavity was found to be very small and similar to that of D-arabinose.
The active transport of sugars across the small intestine in vitro is absolutely dependent on the presence of sodium ions on the luminal side of the mucosa. The effect of removing sodium ions on the transport of D-glucose, 3-O-methyl-~-glucose and galactose across the buccal cavity was investigated by replacing sodium with equimolar potassium. Concentration of sugar solutions used was 10 mmol/l, all below their apparent KI values. Substitution of K+ for Na+ (Fig. 2) resulted in a 30%
inhibition of D-glucose and D-galactose absorption, and 3-O-methyl-~-ghcose absorption was inhibited by 40%. Thus sodium ions appear to be required for optimum transport of these hexoses across the buccal mucosa.
In order to examine the specificity of the expected carriers, experiments on the inhibition of glucose transport by galactoseand 3-O-methyl-~-glucose were performed. The uptake of D-glucose was measured at 5 and 20 mmol/l to investigate the inhibition both below and above its apparent K , value. Galactose and 3-O-methyl-~-glucose were both used at concentrations of 40 and 80 mmol/l. Mannitol was added where necessary to achieve constant osmotic pressure. No inhibition greater than 50% was obtained (Table 3) . The buccal uptake of maltose was investigated between 5 and 20 mmol/l in four subjects, each result being the mean of three tests ( Table 4 ). The loss of maltose was found to be higher than any of the Dpentoses but lower than D-glucose, 3-O-methyl-~-glucose or fructose. Since the rate of maltose absorption was higher than that expected from passive diffusion, thin-layer-chromatography studies were performed to investigate the possibility of any enzymic hydrolysis of maltose in the mouth and to that in the intestine cannot be discounted.
The buccal absorption of a plant polysaccharide, inulin (mol. wt. 3000-5000), was investigated. Four subjects were tested with inulin, at a concentration of 0.25 g/100 ml of buffer, and 25 ml portions of this solution were circulated in the mouth for 5 min. This was repeated three times for each subject ( Table 5) . The loss from the buccal cavity was small: in three out of the four subjects the mean loss was no greater than 1 %.
Discussion
The results can be summarized as: (1) sugars are transported across the buccal mucosa; (2) the metabolic loss of sugars from the mouth in 5 min is negligible; (3) the buccal mucosa is stereospecific for transport of at least glucose and arabinose; (4) the transport of D-glucose, D-galactose and 3-O-methyl-~-glucose is at least partly sodiumdependent; (5) glucose, galactose and 3-0-methyl- This buccal-absorption technique does not measure the direct transport of substances across the membrane and into the blood stream. Thus it is important to verify that the loss measured is in fact the amount transported. The incubation studies show that there was negligible bacterial metabolism of sugars. The loss of 3-O-methyl-~-glucose was similar to that of D-glucose and so strengthens the case against bacterial metabolism or loss due to salivary enzymes. The absorption of hexoses by the buccal mucosa shows that glucose and 3-O-methyl-~-glucose are both transported at about the same rate and show a similar affinity for the carrier. In the small intestine it is known that they share the same carrier system. It is very probable that the buccal mucosal membrane has a similar system.
The small intestine of the rat is capable of actively transporting fructose in vitro (Gracey, Burke & Oshin, 1972) and it seems likely that fructose uses a separate carrier mechanism to that of glucose and 3-O-methyl-~-glucose. The uptake of fructose from the mouth was quite high, lower than D-glucose, but the difference was not statistically significant. The saturation kinetics shown by fructose (Fig. lc) , and a V,,,,=. value higher than that of D-glucose, together indicate the possibility of a carrier system for fructose in the mouth, but this hypothesis will need to be verified by further experiments.
The transport of galactose by the mouth mucosa was shown to possess a lower V , . . . when compared with that of D-glucose, 3-O-methyl-~-glucose or fructose. The affinity of the carrier for galactose was also shown to be lower than that of the previous hexoses. L-Glucose was transported across the buccal mucosa at a rate which is higher than would be expected from passive diffusion alone. This may indicate that L-glucose has a low affinity for the D-glucose carrier. It is generally agreed that active sugar absorption in vitro is completely dependent on the presence of sodium ions on the luminal side of the mucosa (Schultz & Curran, 1970) . The situation in vivo is far more complex and removal of sodium from the perfusing medium never causes complete inhibition. The percentage inhibition seems to depend on the sugar used (i.e. glucose versus glucose analogue), and the substitute used to replace sodium (Bieberdorf, Morawski & Fordtran, 1975) . There was inhibition of sugar transport when a cation such as magnesium or potassium was used to replace sodium, but replacement by a non-ionic solute (e.g. mannitol or xylitol) showed little sodium dependence of sugar transport (Saltzmann, Rector & Fordtran, 1972; Olsen & Ingelfinger, 1968) .
In our experiments potassium was used to replace sodium, as it is thought to be the greatest inhibitor of sodium flux when compared with other cations (Schultz & Curran, 1970) . This may indicate an antagonistic or competitive action of potassium on the sodium-dependent processes. The 30% inhibition obtained for both glucose and galactose, and the40% inhibition obtained for 3-O-methyl-~-glucose, do show that luminal sodium ions have an important effect on sugar absorption across the buccal mucosa.
These experiments also show that a component in the absorption of these three sugars appears to be independent of luminal concentration of sodium ions in vivo. Possible explanations for this are the same as those postulated for the small intestine (Bieberdorf et al., 1975) , and can be summarized as follows:
(1) total inhibition of hexose .transport may only be possible when sodium ions are removed from both the serosal and mucosal surfaces; (2) sodium ions may be maintained at the site of transport by another process (for example, an unstirred layer, as is present in the mammalian small intestine, would effectively act in this way); (3) a sodium-independent transport mechanism may exist in the buccal mucosa. We cannot differentiate between these three hypotheses from our experiments.
The results on inhibition of glucose absorption by galactose and 3-O-methyb~-glucose demonstrate that these three sugars share a common transport system. The percentage inhibition by galactose was twice that produced by 3-O-methyl-~-glucose. From the apparent Kt values of these sugars it would be expected that 3-O-methyl-~-glucose would be a far more effective inhibitor than galactose, assuming a single carrier common to all of these sugars. Experiments with hamster small intestine in vitro suggest at least two carriers for glucose and galactose, of which only one is shared by 3-O-methyL~-glucose (Honegger & Semenza, 1973) . By contrast, experiments with rat small intestine in viuo seem to indicate two carriers for glucose, only one of which is shared with galactose (McMichael, 1975) . Our results implicate two or more carriers for buccal glucose and galactose transport, of which only one is used by 3-O-methyl-~-glucose.
The stereospecific uptake of arabinose by the buccal mucosa indicates that either L-arabinose is being transported by a carrier which is not available to D-arabinose, or that L-arabinose has a greater affinity for the carrier system. The low uptake of D-xylose and D-ribose suggests either a very low affinity for the carrier or transport solely by passive diffusion.
The absorption of maltose is higher than would be expected from simple diffusion. This may be due to a maltase complex similar to that found in the small intestine. The inter-subject variation in maltose absorption seems to be as large as the intra-subject variation.
The absorption of large molecules by the buccal cavity has been well documented. For example, insulin given sublingually has been shown to produce a hypoglycaemic effect in dogs and man. But the insulin is poorly absorbed and the therapeutic oral dose is reported to be two-to three-fold the subcutaneous dose (Moffat, 1971) .
Inulin is a lipid-insoluble macromolecule. It is only absorbed very slowly across the rat colon (Heaton, 1972) and the small intestine (Ambromovage, Shah & Howard, 1971) . The very small loss of inulin from the buccal cavity is in agreement with this pattern of non-absorption from the gastrointestinal tract. The high and constant amounts of inulin recovered from the buccal cavity demonstrate the reliability of the buccal absorption method, for in three out of four subjects 93% or more of the inulin was recovered. 
